Ambulacraria, comprising Hemichordata and Echinodermata [1] , is closely related to Chordata, making it integral to understanding chordate origins and polarizing chordate molecular and morphological characters [2] [3] [4] . Unfortunately, relationships within Hemichordata and Echinodermata have remained unresolved [1, [5] [6] [7] [8] [9] [10] , compromising our ability to extrapolate findings from the most closely related molecular and developmental models outside of Chordata (e.g., the acorn worms Saccoglossus kowalevskii and Ptychodera flava and the sea urchin Strongylocentrotus purpuratus). To resolve long-standing phylogenetic issues within Ambulacraria, we sequenced transcriptomes for 14 hemichordates as well as 8 echinoderms and complemented these with existing data for a total of 33 ambulacrarian operational taxonomic units (OTUs). Examination of leaf stability values revealed rhabdopleurid pterobranchs and the enteropneust Stereobalanus canadensis were unstable in placement; therefore, analyses were also run without these taxa. Analyses of 185 genes resulted in reciprocal monophyly of Enteropneusta and Pterobranchia, placed the deep-sea family Torquaratoridae within Ptychoderidae, and confirmed the position of ophiuroid brittle stars as sister to asteroid sea stars (the Asterozoa hypothesis). These results are consistent with earlier perspectives concerning plesiomorphies of Ambulacraria, including pharyngeal gill slits, a single axocoel, and paired hydrocoels and somatocoels [1, 4, 11] . The resolved ambulacrarian phylogeny will help clarify the early evolution of chordate characteristics and has implications for our understanding of major fossil groups, including graptolites and somasteroideans.
Summary
Ambulacraria, comprising Hemichordata and Echinodermata [1] , is closely related to Chordata, making it integral to understanding chordate origins and polarizing chordate molecular and morphological characters [2] [3] [4] . Unfortunately, relationships within Hemichordata and Echinodermata have remained unresolved [1, [5] [6] [7] [8] [9] [10] , compromising our ability to extrapolate findings from the most closely related molecular and developmental models outside of Chordata (e.g., the acorn worms Saccoglossus kowalevskii and Ptychodera flava and the sea urchin Strongylocentrotus purpuratus). To resolve long-standing phylogenetic issues within Ambulacraria, we sequenced transcriptomes for 14 hemichordates as well as 8 echinoderms and complemented these with existing data for a total of 33 ambulacrarian operational taxonomic units (OTUs). Examination of leaf stability values revealed rhabdopleurid pterobranchs and the enteropneust Stereobalanus canadensis were unstable in placement; therefore, analyses were also run without these taxa. Analyses of 185 genes resulted in reciprocal monophyly of Enteropneusta and Pterobranchia, placed the deep-sea family Torquaratoridae within Ptychoderidae, and confirmed the position of ophiuroid brittle stars as sister to asteroid sea stars (the Asterozoa hypothesis). These results are consistent with earlier perspectives concerning plesiomorphies of Ambulacraria, including pharyngeal gill slits, a single axocoel, and paired hydrocoels and somatocoels [1, 4, 11] . The resolved ambulacrarian phylogeny will help clarify the early evolution of chordate characteristics and has implications for our understanding of major fossil groups, including graptolites and somasteroideans.
Results and Discussion
Over the last decade, phylogenomic studies have radically shifted our understanding of deuterostome evolutionary history. Although debates surround chordate interrelationships [2, 4, 12] as well as the positions of the controversial flatworm-like Xenoturbellida [2, 13] and Acoelomorpha [13] , Ambulacraria (Hemichordata + Echinodermata) has been consistently recovered [2, 4, 13] . Relationships within these two phyla, however, have remained unresolved, and numbers of sampled hemichordate taxa in phylogenomic studies to date have been limited. Within Hemichordata, there is dispute as to whether colonial, tube-dwelling pterobranchs are sister to, or nested within, vermiform enteropneusts [1, [5] [6] [7] 14] . Placement of pterobranchs has major implications for understanding origins and early evolution of graptolite hemichordates, which have an extensive fossil record [15] . Furthermore, there are conflicting hypotheses regarding the position of ophiuroid brittle stars within echinoderms. The Cryptosyringida hypothesis places ophiuroids as sister to Echinozoa (Echinoidea + Holothuroidea) [9, 10] , whereas the Asterozoa hypothesis places ophiuroids and asteroids in a clade sister to Echinozoa [8] . Asterozoa has recently been supported by two phylogenomic studies addressing echinoderm [16] and ophiuroid [17] relationships. These two hypotheses offer differing interpretations of larval and adult morphological evolution, as well as whether somasteroid fossils are direct ancestors of Asterozoa. Resolving these relationships is integral to our ability to infer plesiomorphic states for echinoderm and hemichordate characters, as well as the ancestral conditions of Ambulacraria and Deuterostomia overall.
In order to directly address ambulacrarian interrelationships, we combined existing data with novel transcriptomes for all hemichordate families and all echinoderm classes except Echinoidea (for which data were already available). Summary information for taxa and sequence data used herein are provided in Tables S1 and S2 available online. We generated four partitioned data matrices (Table 1) to assess effects of missing data on the resultant topology. The initial matrix was the largest and included 299 ortholog groups (OGs), 107,081 amino acids, and all 33 operational taxonomic units (OTUs) (abbreviated hereafter as the 299/33 matrix) with 65.59% missing data. We used PhyloTreePruner [19] to remove potentially paralogous groups (see Supplemental Experimental Procedures), reducing the number of orthology groups to 185 and the number of amino acid positions to 70,446. Two data matrices were based on this 185 OG set: the 185/33 matrix including all 33 OTUs with 58.45% missing data, and the 185/31 matrix, for which Stereobalanus canadensis (Enteropneusta, Harrimaniidae) and Rhabdopleura (Pterobranchia), which had poor leaf stability and taxonomic instability index values (lsi/tii = 0.90/613.9 and lsi/tii = 0.83/828.2, respectively; Table S3 ), were removed. This latter matrix had 55.91% missing data. Lastly, to reduce the proportion of missing data, we used MARE [18] to generate a strictly filtered alignment of 162 OGs, 61,597 amino acids, and the 20 most deeply sequenced taxa (Table 1 ; Experimental Procedures). This matrix had only 35.29% missing data. Maximum-likelihood (ML) analyses were conducted for all data sets, and Bayesian inference was conducted on the 185/31 data set.
Branching patterns of major ambulacrarian clades obtained from all data sets were the same except for the positions of the unstable Stereobalanus canadensis and Rhabdopleura (Figures 1, S1 , and S2). Because we sought to directly address relationships within Ambulacraria, and because monophyly for extant hemichordates and echinoderms is well established (reviewed in [4, 5, 20] ), we rooted trees so that hemichordates and echinoderms were reciprocally monophyletic.
The assumption that Echinodermata and Hemichordata are monophyletic clades was supported with bootstrap support (BS) of 100% in all analyses. When all taxa were included (185/33), Pterobranchia and Enteropneusta were recovered as reciprocally monophyletic, albeit with poor support ( Figure S2 ). However, when unstable Rhabdopleura and Stereobalanus canadensis were removed, bootstrap values for Pterobranchia and Enteropneusta increased to 100 ( Figure 1 ). Shimodaira-Hasegawa (SH) tests conducted on the 185/31 data set strongly rejected the alternative hypothesis of paraphyletic Enteropneusta or Pterobranchia + Harrimaniidae (Table 2) . Furthermore, there was no indication of systematic error that may have influenced SH tests. In ML analyses of the 299/33 data set ( Figure S1A ), Rhabdopleura was recovered as sister to Enteropneusta, with Cephalodiscus sister to Rhabdopleura + Enteropnuesta. Despite combining three 454 libraries and an Illumina library into a chimeric OTU, Rhabdopleura was still only represented by 8% of genes in the 185/ 33 data matrix. Presumably, poor coverage resulted in instability of this taxon, limiting confidence in Rhabdopleura's placement. The 162/20 data set ( Figure S1B ), which includes only the most deeply sampled taxa, leaves pterobranchs (represented by Cephalodiscus gracilis) as sister to Enteropneusta.
Exclusion of Pterobranchia from Enteropneusta is robustly supported in all of our analyses. This result is consistent with results obtained from morphological cladistic analysis [14] and recent topologies obtained using nuclear 18S rDNA and mitochondrial 16S rDNA data, albeit with weak support [7] . Although microRNA patterns were suggested to support enteropneust monophyly in a previous study [21] , that study examined only three hemichordates, and microRNAs have been shown to be unreliable for phylogenetic purposes [22] . The ancestral hemichordate has been hypothesized to have been a solitary, ptychoderid-like worm with gill slits and indirect development [3] [4] [5] . Our results suggest that ptychoderids have a more derived placement, but because gill slits are shared with chordates, this character is likely ancestral for Hemichordata, Ambulacraria, and Deuterostomia. Given that the last common ancestor of hemichordates lived more than 520 million years ago, there are likely morphological differences between present-day groups and the hemichordate ancestor. Morphological, developmental, and paleontological evidence, particularly from data-limited pterobranchs, will be needed to further address these questions [4] [5] [6] .
Within Enteropneusta, Harrimaniidae is the most speciesrich family (considering currently described species) and includes the developmental model hemichordate Saccoglossus kowalevskii. Here, Harrimaniidae (excluding Stereobalanus canadensis) was recovered as monophyletic (BS = 100), sister to the remaining enteropneusts. When Stereobalanus canadensis was included, it was the earliest branching lineage of Hemichordata (299/33, Figure S1A ) or Enteropneusta (185/ 33, Figure S2 ). This species has a remarkably long-branched 18S rDNA sequence [6, 7] , has a noticeably long branch in analyses herein, and is morphologically distinct among enteropneusts, possessing four short gonad regions directly posterior to the collar and gill pores fused into a common slit. Due to the low coverage obtained here for this worm (5% of OGs) and its poor leaf stability (Table S3) , additional sequence information or other sources of data will likely be required to place this unusual species with confidence.
In contrast to analyses based on 18S rDNA [7, 23] , we found the recently described deep-sea Torquaratoridae nested within Ptychoderidae. An alternative tree topology in which Ptychoderidae was constrained as monophyletic to the exclusion of torquaratorid taxa was significantly rejected by SH tests (Table 2 ). Torquaratoridae and Ptychoderidae both have hepatic caecae and genital wings, but torquaratorids lack gill bar synapticules, a character previously thought to be an apomorphy of Ptychoderidae. Torquaratoridae also have a reduced or absent proboscis skeleton, and the stomochord is either absent or disconnected from the buccal cavity of the collar. The position of torquaratorids within Ptychoderidae suggests that these represent secondary losses. Some torquaratorid taxa have shown unusual reproductive structures or strategies, such as externalized ovaries in Allapasus aurantiacus [24] or brooding in Coleodesmium karaensis [25] . These features appear to have been derived from ptychoderid-like forms with indirect development via tornaria larvae. Given that the Cambrian fossil enteropneust Spartobranchus tenuis [26] is probably allied to torquaratorids [27] , which are derived acorn worms, enteropneust origins reach into the Lower Cambrian. The assertion for harrimaniid affinities of this fossil was informed by the presumed relationship between pterobranchs and harrimaniids, which is refuted here. Thus, tubes of Spartobranchus are unlikely to represent the precursor to the pterobranch periderm [27] , as suggested by [26] .
Each of the five recognized echinoderm classes was recovered as monophyletic with 100% bootstrap support, with Crinoidea as sister to Eleutherozoa (BS = 100). Within Eleutherozoa, we found strong support for Asterozoa (Ophiuroidea + Asteroidea) (BS = 100) as sister to Echinozoa (Holothuroidea + Echinoidea). Additionally, Cryptosyringida (Ophiuroidea, [Holothuroidea + Echinoidea]) was rejected by SH tests (Table 2) . Other phylogenomic studies recently recovered Asterozoa with strong support [16, 17] , and our analyses corroborate these results. The Asterozoa hypothesis suggests that pluteus larvae found in ophiuroids and echinoids evolved via convergent evolution. Pluteus larvae are distinguished from the generalized echinoderm dipleurula larva by elongated ciliated arms that are supported by calcite skeletal elements derived from the mesoderm. These larval skeletal elements may have evolved independently via co-option of genes involved in adult skeletal development [28, 29] . The primary adult character uniting Cryptosyringida, radial elements enclosing the water vascular system and radial nerve, may not be apomorphic, even within echinoids [10] . Stellate body-plan organization, saccate gut, and Ambulacraria ossicle structure are morphological synapomorphies for Asterozoa [8] . Somasteroids have been hypothesized to be ancestral to both asteroids and ophiuroids, or a distinct group of Asterozoa. Support for Asterozoa lends credence to placement of somasteroids near or spanning the asteroid/ophiuroid split [30] . Based on our summarized results (Figure 2 ), the last common ancestor of Ambulacraria had an axial complex and pharyngeal gill slits homologous to chordate gill slits [1, 3, 4, 6] .
Interestingly, the presence of planktotrophic dipleurula larvae can be interpreted as having been lost twice (in Harrimaniidae and Pterobranchia), as the likelihood of independent acquisition of dipleurula (in Spengelidae + Ptychoderidae and Echinodermata) is low. However, uncertainty regarding the position of Rhabdopleura and Stereobalanus (whose development is unknown) may prompt reevaluation of this issue in the future. Importantly, results here provide a better understanding of the evolutionary origins of model species (the acorn worms Saccoglossus kowalevskii and Ptychodera flava and the sea urchin Strongylocentrotus purpuratus). These findings should allow developmental features of both hemichordates [3-5, 31, 32] and echinoderms [33] that have been homologized to early chordate embryos to be more thoroughly explored in a comparative developmental context. Furthermore, they also identify taxa (e.g., pterobranchs) that can help us unravel the evolution of deuterostome characters.
Experimental Procedures Taxon Sampling
We sampled transcriptomic data from representatives of all recognized hemichordate families and all echinoderm classes except Echinoidea, for which data were already available (Tables S1 and S2 ). At least two species of each taxonomic group were sampled, except for Spengelidae. Samples from which novel transcriptomic data were obtained were collected in various locations, transported live to the laboratory, transferred to RNAlater, frozen at 280 C, or kept in ethanol at 220 C.
Sequencing and Assembly
Total RNA was extracted from fresh or preserved samples, and cDNA libraries were prepared using the SMART cDNA Library Construction Kit (Clontech; see Supplemental Experimental Procedures for further details). Samples were sequenced with 454 FLX, 454 Titanium, or Illumina HiSeq 2000. Generated sequence data were augmented with publicly available data. Taxa sequenced by 454 or Sanger methods were assembled and processed using the EST2uni pipeline [34] , while those sequenced by Illumina were digitally normalized using khmer [35] and assembled using Trinity [36] . Contigs (for Illumina libraries) or contigs + high-quality singletons (for 454 and Sanger libraries) were translated using TransDecoder (http:// sourceforge.net/projects/transdecoder/). Table S2 provides the number of unigenes (contigs for Illumina libraries and contigs + singletons for 454 and Sanger libraries) obtained for each taxon. Identification of putative ortholog groups (OGs) was conducted with HaMStR [37] using the ''model organisms'' reference taxon set. After orthology determination, sequences from two 454 libraries from Ophionotus victoriae and four libraries from Rhabdopleura species were combined into chimeric OTUs in order to reduce the amount of missing data per taxon.
Orthology groups were filtered following the approach of Kocot et al. [38] First, only sequences greater than 100 aa in length, and OGs with at least 15 ambulacrarian taxa and including at least one pterobranch sequence, were retained for further analyses. Sequences less than 100 aa in length were deleted because they are likely to be incorrectly aligned. To remove mistranslated sequence ends, we trimmed amino acid sequences when stop codons (marked by X) were present in either the first or last 20 characters. Each OG was aligned with MAFFT [39] and then trimmed with Aliscore and Alicut [40] to remove columns with ambiguous alignment.
Next, individual alignments were manually evaluated for partially mistranslated sequences, which were deleted or trimmed as appropriate. Filled circles (C) indicate 100% bootstrap support and 1.0 posterior probability. Colonial Pterobranchia are sister group to the Enteropneusta in the Hemichordata (top clade), which is additionally supported by [7] . Asteroidea and Ophiuroidea are sister group to the Echinozoa (Echinoidea + Holothuroidea) in the Echinodermata. Single-OG trees were then constructed for each OG using RAxML v7.3.8 [41] with the PROTGAMMALGF model. Individual gene trees were manually evaluated for sequence contamination as described in Supplemental Experimental Procedures. After manual screening of alignments and individual OG trees, 299 alignments remained, constituting the basis for the 299/33 data set. To screen for potential paralogs, we used PhyloTreePruner [19] (details in Supplemental Experimental Procedures). Alignments passing screening via PhyloTreePruner constituted the 185/33 and 185/31 data sets. To test the effect of low-coverage taxa and missing data on our phylogenetic reconstruction, we employed MARE [18] to generate the 165/20 data set (weighting of information content parameter a = 3).
Phylogenetic Analyses
Maximum-likelihood phylogenetic analyses of all data sets were conducted using RAxML v7.7.6 [41] using a PROTGAMMALGF model for each individual OG partition. This model was the most appropriate for the majority of genes and was among the best-fitting models for nearly all OGs as assessed by ProtTest [42] . Previous work [38] and preliminary analyses on these data sets indicated that employing a single model across all partitions recovers highly similar trees while proving considerably less computationally expensive than specifying individual models for all partitions. Nodal support was assessed with 1,000 replicates of nonparametric bootstrapping. Bootstrapped trees from the 185/33 data set were used to calculate leaf stability and taxonomic instability indices of each OTU using the RogueNaRok server (http://rnr.h-its.org). Competing hypotheses of ambulacrarian phylogeny were evaluated using the SH test [43] as implemented in RAxML with the PROTGAMMALGF model for each OG partition. Bayesian inference analyses were conducted using PhyloBayes 2.3 [44] with the CAT model, which accounts for sitespecific rate heterogeneity, with two independent chains run for 11,000 cycles each and 1,100 cycles discarded as burn-in. Topology and posterior consensus support was generated using the bpcomp program within PhyloBayes; convergence of the two chains was indicated by ''maxdiff'' values below 0.2. All phylogenetic analyses were conducted on the Auburn University CASIC HPC supercomputer.
Accession Numbers
Sequence Read Archive (SRA) accession numbers for all data are given in Table S2 . The four data matrices are available from the Dryad Digital Repository (http://datadryad.org) with the DOI http://dx.doi.org/10.5061/dryad. 20s7c. 
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